Introduction
osteoprogenitor factor-1) have been used to modulate chondrocyte phenotype, proliferation and biosynthesis rates. In particular, 'chondrogenic medium' containing dexamethasone and TGF-␤1 has been developed to induce chondrogenic differentiation of chondroprogenitor cells [1] . Dimeric [15] . [16] [17] [18] , was used to investigate the role of TGF-␤ signalling pathway in hMSC chondrogenic differentiation induced by mechanical loading.
It is known that TGF-␤ and mechanical loads modulate chondrogenesis of MSCs. However, the interaction between TGF-␤ and mechanical load remains unclear. Therefore we applied mechanical loads on hMSCs fibrin-polyurethane scaffolds constructs, either alone or in the presence of 1 ng/ml or 10 ng/ml TGF-␤1, specifically to determine whether there is a dose response of this factor on any mechanical stimulation. In addition, the inhibition of TGF-␤ signalling by LY364947, a selective, ATP-competitive inhibitor of TGF-␤ type I receptor kinase (TGF-␤ RI)

Materials and methods
Biodegradable polyurethane scaffold
Cylindrical (8 ϫ 4 mm) porous scaffolds (average pore size of 90-300 m) of biodegradable polyurethane were prepared as described elsewhere [19] . The polymers used for scaffold preparation were synthesized with hexamethylene diisocyanate, poly(⑀-caprolactone) diol and isosorbide diol (1,4:3,6-dianhydro-D-sorbitol) as chain extender [20] .
Isolation and expansion of hMSCs
Bone marrow was obtained with ethical approval and the written consent of patients undergoing total hip replacement. MSCs were isolated by Ficoll cushion as described elsewhere [14] . 
Fibrin-polyurethane composite culture of hMSCs
Mechanical loading
Mechanical conditioning of cell-scaffold constructs was performed using our previously described bioreactor system [12] . Briefly, a ceramic hip ball (32 mm 
Biochemical analysis
Whole samples were digested with 0.5 mg/ml proteinase-K at 56ЊC overnight. DNA content was measured spectrofluorometrically using Hoechst 33258 (Sigma) [23] . The amount of glycosaminoglycan (GAG) in the scaffolds and medium was determined by the dimethylmethylene blue dye method [24] . [25, 26] .
Gene expression analysis
TGF-␤ 1 and TGF-␤ 3 ELISA
During 7 days of mechanical loading, conditioned medium of loaded and control samples were pooled for each construct and analysed for TGF-␤1
Statistical analysis
SPSS 16.0 statistical software was used for statistical analysis (significance at P Ͻ 0.05). Gene expression values were normalized to the values of cells before 3D culture (day 0), if this value was not detectable, the data were then normalized to the expression level of control samples treated with 0 ng/ml TGF-␤1 (day 14). One-sample Kolmogorov-Smirnov test was used to define if the data are normally distributed (normal distribution at P Ͼ 0.1). For comparison of all the gene expression data, Mann-Whitney U test was used. For comparison of GAG/DNA value, TGF-␤1 and TGF-␤3 protein concentrations in medium, between control and loaded samples, an independent t-test was used; among the 3 groups with different concentrations of TGF-␤1 in medium, ANOVA LSD post hoc test was used.
Results
TGF-␤ 1 and mechanical loading experiments
To address the effect of mechanical loading on chondrogenesis of hMSCs and the interaction between mechanical loading and TGF-␤1, hMSCs were cultured in presence or absence of mechanical loading and with 0, 1 or 10 ng/ml TGF-␤1 in the culture medium.
Biochemical analysis
There was no difference in DNA content between control samples cultured in medium with different concentrations of TGF-␤1 (data not shown). Mechanical loading decreased the DNA content of constructs cultured in medium with 10 ng/ml TGF-␤1 compared to control samples (P Ͻ 0.05), but not in the constructs cultured in medium with 0 or 1 ng/ml TGF-␤1.
Total GAG synthesized (scaffolds plus medium) was normalized to DNA content (Fig. 1) . The control samples cultured in medium with 1 ng/ml (P Ͻ 0.01) or 10 ng/ml TGF-␤1 (P Ͻ 0.001) had significantly higher GAG/DNA value compared to samples cultured in medium without TGF-␤1 (Fig. 1 control) . In all the three groups where samples were cultured in medium with different concentrations of TGF-␤1, the total GAG/DNA value showed a trend of up-regulation by mechanical load, this difference was significant in the groups with 0 ng/ml (P Ͻ 0.001) or 10 ng/ml TGF-␤1 (P Ͻ 0.05).
Gene expression
Without mechanical stimulation, addition of TGF-␤1 in the culture medium significantly up-regulated the mRNA gene expression of COL2, AGG, COL10 and Sp7, markedly down-regulated the mRNA gene expression of PRG4, while having no effect on the mRNA gene expression of COL1, TGFB1 and TGFB3 ( Fig. 2A-H 
TGF-␤ 1 and TGF-␤ 3 ELISA
The concentrations of TGF-␤1 and TGF-␤3 protein in the conditioned medium on days 8-14 (7 days of loading) were determined by ELISA (Fig. 3) . (Fig. 3A control) (Fig. 3A) . While in the group with 10 ng/ml TGF-␤1 in the culture medium, the amount of TGF-␤1 protein was down-regulated by mechanical loading by 20% (P Ͻ 0.001) (Fig. 3A) .
No difference in TGF-␤3 protein concentrations was observed in the conditioned medium of control samples from three groups treated with different exogenous levels of TGF-␤1 (Fig. 3B control) . Mechanical loading significantly up-regulated TGF-␤3 protein synthesis in samples cultured without TGF-␤1 in the medium (1.82-fold, P ϭ 0.002) (Fig. 3B) . 
TGF-␤ RI inhibitor and mechanical loading experiments
As we had determined that chondrogenesis could be induced by mechanical load in the absence of TGF-␤ we decided to investigate this further. To investigate the role of TGF-␤ signalling in chondrogenic induction of hMSCs by mechanical loading when no TGF-␤1 was added into the culture medium, hMSCs were cultured in the presence and absence of mechanical loading and the presence and absence of TGF-␤ RI inhibitor LY364947.
Gene expression
When LY364947 was not added into the culture medium, mechanical loading significantly up-regulated COL1, COL2, COL10, AGG, Sp7, TGFB1 and TGFB3 gene expression in the absence of additional TGF-␤ (Fig. 4; LY364947 -). When LY364947 was added into the culture medium during 7 days of loading, mechanical load did not have any effect on the expression of any of these genes demonstrating a pivotal role in TGF-␤ up-regulation due to mechanical load (Fig. 4; LY364947 ϩ
). (Fig. 2) , and also stimulated the synthesis of GAG (Fig. 1) . This has been shown in both pellet culture and scaffold culture of MSCs [1, [27] [28] [29] [30] [31] Fig. 2A and B) .
Discussion
TGF-␤1 increased the gene expression of chondrogenic, hypertrophic and osteogenic markers
Most of the published studies related to mechanical load and chondrogenesis of stem cells were performed using 10 ng/ml TGF-␤, which may explain why chondrogenic differentiation was minimally stimulated by load [3, 6, 10, 11] . This is supported by the study of Terraciano et [7, 9] . We also observed that the preparation of the medium played a role. Due to the serum-free nature of the chondrogenic medium if the TGF-␤1 was added prior to sterile filtration, the final concentration was 0.5 ng/ml, not the 10 ng/ml as expected. This led to differences when load was applied. We prepared a sterile filtered stock solution through a small volume filter that would adsorb little protein. The TGF-␤1 was then added after the main medium had been sterile filtered.
(2) Dexamethasone is necessary in the process of chondrogenic differentiation stimulated by mechanical load. We performed an experiment with neither dexamethasone nor TGF-␤1 in the [8, 10] . Although dexamethasone is not a specific chondrogenic differentiation factor [1] , our previous study has shown that combination of dexamethasone and TGF-␤1 is crucial for chondrogenesis of hMSCs [14] . With dexamethasone present in the culture medium, addition of TGF-␤1 did not affect the DNA content of the hMSCs scaffolds constructs, which is consistent with other investigations [7, 28, 29] .
When [32, 33] . There is also the possibility that a small subset of cells undergo hypertrophy, leading to the increases seen.
It is also interesting to note that addition of TGF-␤1 into the culture medium down-regulated PRG4 expression (Fig. 2D) . Samples loaded in the absence of additional TGF-␤1 led to an increase in endogenous TGF-␤ synthesis (Fig. 3) [7, 8, 34] and tissues [35, 36] 
